Objective: To determine the performance of molecular screening strategies for detection of cervical intraepithelial neoplasia grade 3 or worse (CIN3þ) in comparison with cytology screening in women living with HIV.
Introduction
The implementation of organized cervical screening has caused a significant decline in cervical cancer incidence in high-income countries [1] [2] [3] [4] , yet cervical cancer remains the fourth most common cancer in women worldwide [5] . The majority of the disease burden prevails in lowincome and middle-income countries (LMIC), where the absence of organized and effective cervical screening programmes contributes to a high number of preventable cervical cancer deaths. Among women living with HIV (WLHIV), who are at increased risk for cervical cancer and its precursor lesions (i.e. cervical intraepithelial neoplasia, CIN, graded 1-3) [6] [7] [8] , effective cervical screening is particularly essential to lower cervical cancer morbidity and mortality.
The ideal screening method for WLHIV in LMIC remains to be defined and may vary from country-to-country, depending on locally accepted risks and available resources [9] . Cytology-based screening, requiring a cliniciancollected sample, adequate training of cytopathologists, and a good-quality assurance system to compensate for the high degree of subjectivity, has proven difficult to implement effectively in developing countries. Moreover, sensitivity for cervical intraepithelial neoplasia grade 3 or worse (CIN3þ) is limited and follow-up of women with abnormal cytology is challenging. Despite these drawbacks, cytology-based screening is provided on demand in some regions. Primary testing for presence of high-risk human papillomavirus (HPV) in cervical or vaginal samples is currently recommended because of its high sensitivity [10] , but requires additional triage testing as specificity of the HPV test is lower than cytology, and referral of all high-risk HPV positive women would lead to unmanageable referral rates.
An alternative to HPV-based screening is a screen-andtreat approach using visual inspection with acetic acid (VIA), allowing for immediate treatment of all screenpositives. However, the clinical performance of this approach is inferior to that of primary HPV screening [11] [12] [13] [14] [15] and varies highly as it depends on the clinician's experience, leading to both undertreatment and overtreatment. Efforts to enhance the accuracy of VIA using artificial intelligence are ongoing, but such tools are still in research phase [16, 17] .
Molecular markers that are currently available and can be assessed in the original sample, but also have the potential to be used as a stand-alone test, are currently being investigated. Among these are high-risk HPV partial genotyping, methylation of viral or host cell DNA, E6 protein detection and microRNAs [18] . These tests are objective, reproducible, applicable on various sample types including self-sampled material, and have the potential for high-throughput, automated testing. The advantages could circumvent some of the main barriers to cervical screening in developing areas.
Detection of hypermethylated host cell DNA in cervical samples has been identified as a good tool for the detection of cervical cancer and CIN3 [18] [19] [20] [21] [22] . Significantly, methylation assays have been demonstrated to be particularly sensitive for the detection of so-called advanced CIN3 lesions, which have a cancer-like methylation profile and are thought to have a high short-term progression risk to cervical cancer [23] [24] [25] . Multiple-target genes have been identified, of which a few have been evaluated in WLHIV [26] [27] [28] [29] [30] [31] [32] . Most research has focussed on the performance of methylation analysis for triage of high-risk HPV positive women, which revealed good performance of marker panel CADM1/MAL/ miR124-2 [26, 32] . More recently discovered markers ASCL1 and LHX8 were also identified as promising primary screening tools that can be used without prior HPV testing in WLHIV [31] . The balance between sensitivity for current CIN3 or even invasive cervical cancer (ICC) and the number of women needed to refer for colposcopy or treatment remains challenging, and further optimization of these methylation assays is ongoing.
In this study, we used data from a screening cohort of WLHIV in South Africa to further evaluate the role of methylation-based screening strategies for this population as part of a cytology-based or HPV-based strategy. The performance was also compared with currently used cytology screening and proposed HPV-based screening strategies. For this purpose we used the FAM19A4/ miR124-2 methylation assay, as this test has been validated extensively [24, [33] [34] [35] [36] , is commercially available (QIAsure Methylation Test; Qiagen, Hilden, Germany) and has not been evaluated in WLHIV to date. The performance of four different screening strategies using this methylation assay for the detection of histologically proven CIN3þ was evaluated. Moreover, potential screening-related harms were assessed by the number of tests and the number of referrals needed to detect one case of CIN3þ at baseline.
Methods

Study population
In accordance with the national cervical cancer prevention policy, [37] women aged 18 years and above were included in a South African screening cohort of WLHIV (n ¼ 355) at the gynaecological outpatient clinic in Tshwane District Hospital, Pretoria, in a study conducted from March 2013 to March 2015. In this study, different cervical screening strategies for low-resource settings were evaluated. The study was approved by the Research Ethics Committee of the University of Pretoria (protocol numbers 100/2012 and 155/2014). All study participants gave written informed consent. Detailed characteristics of the study procedures and the study population have been described previously [31, 32, 38] .
In short, WLHIV presenting for cervical screening were invited to participate in the study. On study inclusion, a routine conventional cervical cytology specimen, a liquidbased cytology (LBC) specimen and two colposcopydirected cervical biopsies were collected by the research physician and specialist nurse. In women without visible lesions two random biopsies were collected at 0600 and 1200 h. The conventional cytology specimens were analysed and reported within routine diagnostics by a local cytopathologist according to the Bethesda 2001 classification [39] . LBC specimens were processed in The Netherlands and the presence of high-risk HPV DNA was determined using the GP5þ/6þ PCR-EIA (Labo Biomedical Products B.V., Rijswijk, The Netherlands). All high-risk HPV positive samples were genotyped using a bead-based analysis of GP5þ/6þ PCR products and/or the HPV-risk assay (Self-screen B.V., Amsterdam, The Netherlands). These clinically validated assays can differentiate 14 (probably) high-risk HPV types (16, 18, 31, 33, 35, 39, 45, 51, 52, 56, 58, 59 , 66 and 68) [40] [41] [42] [43] .
All LBC specimens were subjected to methylation analysis of FAM19A4 and miR124-2 using a quantitative methylation specific PCR according to the manufacturer's instructions (QIAsure Methylation Test, Qiagen). This assay runs on the Rotorgene PCR-system (Qiagen) and provides automated data analysis and interpretation.
All cervical biopsies were classified according to international guidelines as no dysplasia, CIN1, CIN2, CIN3 or ICC [44] . Women with at least high-grade squamous intraepithelial lesion (HSIL), or worse (includes atypical squamous cells-cannot exclude HSIL), or CIN2 or worse (CIN2þ) on a cervical biopsy were treated according to local guidelines (large loop excision of the transformation zone, LLETZ). The worst histology diagnosis (either biopsy or LLETZ specimen) was used as study endpoint. Women with invalid test results on one or more parameters were excluded from the analysis (n ¼ 70).
Screening strategies
We analysed and describe here the performance of screening strategies combining cytology and the FAM19A/miR124-2 methylation assay (strategies 1-3) as well as the performance of strategies combining the high-risk HPV DNA test with the methylation assay in the defined study group (strategies 4-6).
Strategies include: cytology (strategy 1), cytology with methylation triage of women with atypical squamous cells of unknown significance (ASC-US) or low-grade squamous intraepithelial lesion (LSIL) cytology (strategy 2), methylation with cytology triage (strategy 3), high-risk HPV testing (strategy 4), HPV with methylation triage (strategy 5) and HPV16/18 genotyping with methylation triage of non16/18 high-risk HPV positives (strategy 6).
Strategy 1 consists of conventional cytology screening, which is a frequently used screening method for cervical screening in South Africa and is offered only on demand (e.g. during a visit to an antenatal clinic). Only women with at least HSIL are directly referred for ablative treatment, and women with ASC-US or LSIL are advised to be rescreened using cytology. However, there is no active recall system for repeat testing of women with ASC-US/LSIL cytology and the number of women lost to follow-up is high. We therefore decided to evaluate cytology with threshold at least HSIL, which represents the current screening and referral practice most accurately. For strategy 1, women were considered screen-positive if cytology was graded at least HSIL, and all others were considered screen-negative.
Strategy 2 consists of cytology with FAM19A4/miR124-2 methylation triage of women with ASC-US or LSIL cytology. Women with ASC-US or LSIL cytology and a positive FAM19A4/miR124-2 methylation result, and women with at least HSIL cytology, irrespective of the FAM19A4/miR124-2 methylation result, were considered screen-positive. All other women (i.e. normal cytology or ASC-US/LSIL cytology and a negative FAM19A4/miR124-2 methylation result) were considered screen-negative.
Strategy 3 consists of FAM19A4/miR124-2 methylation with triage of methylation positives with cytology. For this strategy, only double positive women, that is a positive FAM19A4/miR124-2 methylation result and at least ASC-US cytology, were considered screen-positive, and all others were considered screen-negative.
Strategy 4 consists of screening with a single high-risk
HPV test for which women were scored screen-positive if high-risk HPV DNA was present in the LBC sample. High-risk HPV negative women were scored screennegative.
Strategy 5 consists of triage of high-risk HPV positive women with FAM19A4/miR124-2 methylation analysis. Women were considered screen-positive if both high-risk HPV and FAM19A4/miR124-2 methylation results were positive. All other women were considered screen-negative.
Strategy 6 consists of HPV16/18 genotyping and subsequent testing of non16/18 high-risk HPV positive samples with FAM19A4/miR124-2 methylation analysis. For this strategy, women were considered screen-positive if they were non16/18 high-risk HPV positive and had a positive FAM19A4/miR124-2 methylation result, or if they were positive for HPV16/18 (irrespective of their FAM19A4/miR124-2 methylation result). All high-risk HPV-negative women and all non16/18 high-risk HPVpositive women with a negative FAM19A4/miR124-2 methylation result were scored screen-negative.
Statistical analysis
The primary endpoint of the study was CIN3þ on histology as these are the most reproducibly classified lesions having the highest risk of cervical cancer and most in need of treatment. All analyses were also performed using the outcome CIN2þ. However, classification of CIN2 is less reproducible as it constitutes very heterogeneous disease categories, including both productive CIN1-like lesions and transforming CIN3-like lesions with different clinical behaviour [19, 45] . Consequently, this endpoint leads to less reproducible results. The CIN2þ data are therefore provided in the Supplementary data, http://links.lww.com/ QAD/B514. The performance of each strategy was evaluated with respect to sensitivity, specificity, positive and negative predictive value and referral rate (based on the percentage test positivity). The number of tests (cytology, methylation and/or HPV test with or without integrated HPV16/18 genotyping) required to screen 1000 women and the number of women referred for colposcopy to detect one case of CIN3þ (calculated by dividing the number of screen positives by the number of true positives) was also calculated for each strategy.
Relative sensitivities and specificities (ratios of the sensitivity or specificity of one test to the sensitivity or specificity of the reference test) were calculated with 95% confidence intervals (95% CIs) and visualized using forest plots with cytology (strategy 1) as the reference for all other strategies. Relative sensitivities and specificities were also calculated for the HPV-based strategies (strategies 5 and 6) using a single high-risk HPV test (strategy 4) as a reference.
McNemar testing was used to calculate P values of the relative sensitivities and specificities. A difference in sensitivity or specificity was considered significant if the 95% CI of the relative sensitivity or specificity was entirely above or below one and the corresponding P value was less than 0.05. Calculations were performed in Microsoft Excel (2016; Microsoft, Redmond, Washington, USA), SPSS (V22; IBM, Armonk, New York, USA) and STATA (V14; StataCorp, College Station, Texas, USA).
Results
In total 285 women with a median age of 40 years (interquartile range: 35-46 years) were included in the analyses, of whom 194 (68.1%) had no dysplasia or CIN1 (CIN1), 32 (11.3%) had CIN2, 57 (20.0%) had CIN3 and two (0.7%) had ICC. Table 1 provides an overview of the performance characteristics of the six screening strategies evaluated. Overall, cytology-based screening strategies had highest specificities, but lower sensitivities, and HPV-based screening strategies had highest sensitivities, but lower specificities (Fig. 1) . The two women with ICC were detected by all screening strategies evaluated. Similar results were obtained when CIN2þ was used as outcome, but with lower sensitivities and higher specificities for all strategies (see Table, A single cytology test, referring only women with at least HSIL cytology (strategy 1), had the lowest sensitivity. This strategy detected 59.3% of CIN3þ, but had the lowest referral rate (18.9%) and highest specificity (91.6%), leading to a low number of women needed to refer to detect one case of CIN3þ (1.5). Combining cytology 2038 AIDS 2019, Vol 33 No 13 Cytology with threshold high-grade squamous intraepithelial lesion or worse (HSIL, includes atypical squamous cells -cannot exclude HSIL); cytology with threshold atypical squamous cells of unknown significance or worse (ASC-US). 95% CI, 95% confidence interval; ASC-US, atypical squamous cells of unknown significance; CIN3þ, cervical intraepithelial neoplasia grade 3 or worse; HPV, human papillomavirus; HSIL, highgrade squamous intraepithelial lesion; LSIL, low-grade squamous intraepithelial lesion; n1, number of screen-positive disease cases; N1, total number of disease cases; n2, number of screen-negative nondisease cases; N2, total number of nondisease cases; NPV, negative predictive value; PPV, positive predictive value.
with FAM19A4/miR124-2 methylation, either triage of women with ASC-US or LSIL with FAM19A4/miR124-2 methylation (strategy 2), or triage of FAM19A4/ miR124-2 methylation positive women with cytology (strategy 3), led to a small nonsignificant increase in sensitivity compared with a single cytology test (67.8%, ratio 1.14, P value 0.06, and 62.7%, ratio 1.06, P value 0.73, respectively) and a significant decrease in specificity (85.0%, ratio 0.93, P value <0.001, and 87.2%, ratio 0.95, P value 0.04, respectively). The referral rates of these strategies were higher compared with a single cytology test (26.0 and 23.2%, respectively), as well as the number of women needed to refer to detect one case of CIN3þ (1.9 and 1.8, respectively).
The most sensitive strategy for CIN3þ detection was screening with a single high-risk HPV test, referring all high-risk HPV positive women (strategy 4). This strategy detected 83.1% of CIN3þ, but also had the highest referral rate (43.9%) and lowest specificity (66.4%), leading to a relatively high number of colposcopy referrals to detect one case of CIN3þ (2.6). Compared with cytology, a single high-risk HPV test had a significantly higher sensitivity (ratio 1.40, P value 0.004), but also a significantly lower specificity (ratio 0.73, P value <0.001, Fig. 1 ).
Combined strategies using HPV (either high-risk HPV alone or high-risk HPV testing with 16/18 genotyping) and FAM19A4/miR124-2 methylation increased specificity compared with a single high-risk HPV test (ratios 1.15 and 1.13, respectively, P values <0.001), at the cost of a slight decrease in sensitivity (ratios 0.88 and 0.96, P values 0.03 and 0.5, respectively, Fig. 2 ). Both HPV with FAM19A4/miR124-2 methylation triage of high-risk HPV positives (strategy 5) and HPV16/18 genotyping with FAM19A4/miR124-2 methylation triage of non16/ 18 high-risk HPV positives (strategy 6) provided good sensitivities, detecting 72.9 and 79.7% of CIN3þ Fig. 1 . Forest plots showing the relative sensitivities and specificities for the detection of cervical intraepithelial neoplasia grade 3 or worse of different screening strategies compared with cytology (threshold > -high-grade squamous intraepithelial lesion). 95% CI, 95% confidence interval; ASC-US, atypical squamous cells of unknown significance; HSIL, high-grade squamous intraepithelial lesion; LSIL, low-grade squamous intraepithelial lesion.
respectively, while retaining specificities of 76.1 and 74.8%. The referral rates of these strategies were lower compared with a single high-risk HPV test (34.0% for strategy 5 and 36.5% for strategy 6), as were the numbers of colposcopy referrals needed to detect one case of CIN3þ (2.3 and 2.2, respectively). Triaging only non16/18 highrisk HPV-positive women reduced the number of tests needed to screen 1000 women from 1440 (triage of all high-risk HPV positives) to 1315 (triage of non16/18 high-risk HPV positives). Compared with a single cytology test, strategy 6 had a significantly higher sensitivity (ratio 1.34, P value 0.017), but lower specificity (ratio 0.82, P value <0.001). Strategy 5 showed a moderate, nonsignificant increase in sensitivity (ratio 1.23, P value 0.12) and a decrease in specificity compared with cytology (ratio 0.83, P value <0.001, Fig. 1 ).
The complementarity of FAM19A4/miR124-2 methylation testing in either cytology-based or HPV-based screening is shown in the supplementary data (see Table, Supplemental Digital Content 3, http://links.lww.com/ QAD/B514).
Discussion
The current study provides further evidence for the potential role of methylation analysis in cervical screening of WLHIV in South Africa, indicating that FAM19A4/ miR124-2 methylation analysis could be used to improve screening and facilitate full molecular screening.
Cytology screening is still common practice in South Africa, and only women with HSIL cytology or worse are referred for treatment. Loss to follow-up of women with ASC-US or LSIL is high as there is no active recall system. We evaluated whether FAM19A4/miR124-2 methylation analysis could improve this cytology-based screening by using it either as a triage test of women with ASC-US or LSIL cytology (strategy 2), thereby reducing the workload for cytopathologists and reducing the risk of loss to followup, or as a primary screening test with cytology triage of methylation positives (strategy 3). In this study, these strategies only provided a nonsignificant increase in sensitivity for CIN3þ (67.8% for strategy 2, 62.7% for strategy 3) compared with cytology alone (59.3%), while specificity decreased (from 91.6% for cytology alone to 85.0% and 87.2% for strategy 2 and 3, respectively). Furthermore, as the costs of these strategies will be higher due to the higher number of tests needed and because they still carry the subjectivity of cytology-based screening, these strategies are not considered to be effective.
The three HPV-based screening strategies had higher sensitivity compared with the three cytology-based screening strategies, whereas the specificity of the HPV-based strategies was lower. As shown before, a single high-risk HPV test provided the highest sensitivity for CIN3þ (83.1%), but also had the lowest specificity (66.4%). The use of a single high-risk HPV test within a screen-and-treat approach could be considered and has shown to be cost-effective [46] , but will also lead to considerable overtreatment and associated adverse reproductive outcomes due to its limited specificity. [24, 34] . This is the first study evaluating the assay in a low-resource setting in WLHIV, showing a good performance when combined with high-risk HPV testing and/or HPV16/18 genotyping. These full molecular screening strategies are, in contrast to cytology-based screening, objective, compatible with both cervical scrapes and self-sampled cervicovaginal material [33] , and suitable for high-throughput workflows. Although these characteristics and present findings could contribute to improving screening coverage and effectiveness, further implementation studies are required. Ongoing development of the methylation assay is expected to result in a robust and user-friendly assay, suitable for centralized testing in laboratories with HPV testing facilities and generating results within a day. Furthermore, cost-effectiveness of HPV screening with FAM19A4/miR124-2 methylation triage testing in centralised laboratories should ideally be compared with cost-effectiveness of a one day screenand-treat strategy using a point-of-care HPV test, associated with considerable over-referral and overtreatment requiring more medically trained personnel.
Several other host cell methylation markers have been studied in WLHIV [28] [29] [30] [31] 47] and similar performance compared with HPV with FAM19A4/miR124-2 methylation triage has been shown for triage of high-risk HPV positive women with the marker panel CADM1, MAL and miR124-2 by us and others [26, 32] . More recently, Kelly et al. [27] showed that methylation of EPB41L3 increased with cervical disease severity in a South African cohort of WLHIV, but the accuracy of this marker for the detection of CIN3 and cervical cancer is difficult to derive from these data, as the threshold for methylation positivity was neither determined nor validated. At this moment no commercial assays are available for these markers. Other commercially available assays, such as the GynTect assay [48] , have not been evaluated in WLHIV yet.
A major strength of this study is the availability of a histology endpoint for all study participants, which minimizes the disease ascertainment bias. Yet, women were treated based only on an abnormal cervical scrape or biopsy, but not based on a positive high-risk HPV or methylation result. This may have caused a preferential effect in favour of cytology. Other limitations of this study are the small sample size and the current absence of followup data. Although a recent study in a Dutch screening population demonstrated that high-risk HPV positive women with a negative FAM19A4/miR124-2 methylation triage test have a lower long-term cervical cancer risk compared with high-risk HPV positive, cytology-negative women [49] , longitudinal data from a low-resource setting are required to determine the long-term safety of this screening algorithm in a different population.
Conclusion
The optimal screening strategy, balancing harms and benefits of screening, depends on local circumstances such as disease prevalence and available resources. The data presented in this study show that screening strategies with HPV (with or without partial genotyping) and FAM19A4/miR124-2 methylation triage testing are feasible screening options for WLHIV in South Africa, warranting further evaluation.
